A cost-effective self-sensing biosensor for detection of biological species at ultralow concentrations INTRODUCTION Development of nano-and micro-electromechanical systems (NEMS and MEMS) has been made possible due to advances in nanotechnology. Reducing the dimensions of electromechanical systems to micro-and nano-scale has enabled the identification of biological molecules utilizing mechanical biosensors. High-throughput diagnosis and analytical sensing require advanced biosensing tools exploiting high affinity of biomolecules. There are a number of useful biosensing techniques such as electrophoretic separation where spatiotemporal separation of analytes is possible. Another important technique is identifying the changes in the mass or optical properties of target proteins using spectrometric assays. Identification and quantification of target biomolecules due to high affinity which is based on molecular recognition has been known as one of the most reliable biosensing mechanisms.
There are two main elements in a biosensor which are (i) sensitive biological receptor probe which interacts with target proteins and (ii) transducer which transforms the molecular recognition into detectable physical quantity. There are a number of instruments equipped with these elements developed for biodetection such as quartz crystal microbalance (QCM), surface plasmon resonance (SPR), enhancedRaman spectroscopy, field effect transistors (FET), and MicroCantilever (MC)-based biosensors. Among these techniques, MC-based biosensors have emerged as an outstanding sensing tool for being highly sensitive, label-free, and a)
Author to whom correspondence should be addressed. Electronic mail: n.jalili@neu.edu. Telephone: (617) (Arntz et al., 2003; Pei et al., 2003 Pei et al., , 2004 Shin and Lee, 2006; Shin et al., 2008; Sree et al., 2010a Sree et al., , 2010b Wu et al., 2001; Yang and Chang, 2010) . Detection of proteins and pathogens, physical parameters (Corbeil et al., 2002; Lee and Lee, 2003) , and biochemical agents (Pinnaduwage et al., 2004; Tang et al., 2004; Ji et al., 2000 Ji et al., , 2001 Ilic et al., 2001; Zhang and Feng, 2004; Gupta et al., 2004a Gupta et al., , 2004b , has been enabled utilizing this type of sensors. All MC-based sensors are equipped with a read-out device which is capable of measuring the mechanical response of the system. There are a number of conventional read-out systems among which optical based measurement is the most commonly used. They have been widely used in atomic force microscopy (AFM) and measure the mechanical changes of the system by calculating the difference of the angle of laser beam reflected from the surface of the cantilever. Even though being sensitive, there are certain limitations with this technique which are mainly high cost, being bulky and surface preparation requirement. Moreover, laser alignment and adjustment and the requirement of the sample solution and liquid chamber to be transparent imposes serious challenges for adopting this method as a read-out device in molecular sensing tools.
In order to address all the aforementioned challenges, we are proposing a unique self-sensing technique where a single piezoelectric layer deposited over MC surface performs as both an actuator and sensor. Direct piezoelectric property is used to sense the self-induced voltage generated in the piezoelectric layer as a result of beam deformation. At the same time, inverse property of piezoelectric material is used to generate deformation and bring the system into vibration as a result of applying a harmonic voltage to it. Therefore, a single piezoelectric layer embedded in the MC sensor is utilized to both actuate and sense the system through implementing a resonating circuit. This provides a simple and inexpensive platform for mass sensing and detection purposes with opportunity of miniaturizing the platform. The piezoelectric MC used is Veeco Active Probe V R (details at http://www.brukerafmprobes. com/p-3252-dmasp.aspx) with a ZnO stack embedded in MC providing the self-sensing capability as shown in Figure 1 .
There are two main operational modes of MC-based sensors which are (i) static and (ii) dynamic modes. Most of the studies regarding identification of molecular affinities have been performed in the static mode where the induced surface stress as a result of deflection of MC from a stable baseline is used to measure molecular binding (Pei et al., 2003 (Pei et al., , 2004 Wu et al., 2001; Shua et al., 2008; Stiharu et al., 2005; Thaysen et al., 2001; Grogan et al., 2002; Yena et al., 2009; Zhou et al., 2009) . Arrays of MCs have been used for high-throughput measurements (Arntz et al., 2003; Huber et al., 2007; Alvarez and Tamayo, 2005; Thaysen et al., 2001; Cherian et al., 2005; Backmann et al., 2005; Zhang et al., 2006) . On the other hand, in dynamic mode, the system is brought into excitation at or near its resonance frequency (Ruzziconi et al., 2012) . The shift in the resonance frequency as a result of molecular recognition yields a good insight into the amount of adsorbed mass. Different studies have been conducted enhancing the sensitivity of MEMS (Faegh et al., submitted; Jin et al., 2006) . In a study by Turner (2005a, 2005b) , parametric resonancebased mass sensing was reported measuring dc offset instead of frequency shift resulting in 1-2 orders of magnitude sensitivity enhancement.
One important factor determining the success of all biological sensors performing based on analytical sensing of high affinity of biomolecules is the ability of the sensor to operate in liquid media with high sensitivity. However, high dampening and viscous effect of solutions indeed imposes a burden on the performance of biological sensor in liquid environment. Some approaches have been developed to overcome this challenge by (i) operating the system in humid gas-phase media (Lee et al., 2009) , and (ii) dipping the sensing probe in the solution, and then removing and desiccating it and finally conducting the measurement (Oliviero et al., 2008) . However, these methods increase the interference of unspecific biomolecules and prohibit real-time and continuous monitoring.
This challenge is addressed in this study by operating the reported self-sensing biosensor in dynamic mode in the liquid media by exciting the system in high frequency.
A self-sensing circuit is used to apply the voltage to MC. Circuit's resonance frequency and the shift of the resonance frequency as a result of the change in the capacitance due to molecular binding are measured while operating the system in liquid, therefore, allowing for rapid, continuous, and highly sensitive measurement of molecular recognition.
In this study, the reported diagnostic kit is implemented for detection of concentration of glucose in sample solution. An extensive experimental setup is built including a reference MC and a sensor MC. Active surface of the sensor MC is functionalized with the receptor biomolecule which is glucose oxidase (GoX) in this study. MCs are then exposed to different level of glucose concentration and the limit of sensitivity is determined.
MATERIALS AND METHODS
The reported diagnostic kit includes a reference MC to compensate for all background noises and undesired interferences by allowing for measurement of differential response. One or more sensor MC involve depending on the number of analytes to be measured. The MCs are mounted in series and dipped in the Teflon chamber that is designed such that only MCs be exposed to the solution without wetting the probe base with electronics attached.
In order to functionalize MC by enzyme layer, the active part of the cantilever surface is used which is the extended electrode coated with gold. Gold is employed for immobilizing
FIG. 1. Veeco Active Probe
V R with ZnO self-sensing layer deposited on the probe.
GoX enzyme which is itself a receptor for biomolecules such as glucose.
Materials: Glucose oxidase (GoX), 8.0% glutaraldehyde, and 2-aminoethanethiol were purchased from Sigma. Deionized water was used for preparing solutions.
Immobilizing GoX over MC surface: Sensor MC was washed in acetone, ethanol, and DI water consequently. A Teflon chamber was designed in order to dip in the cantilever into a droplet of liquid such that it only covers the cantilever and does not proceed to the electronics attached to the probe base. A 3D stage with resolution of submicron was used in order to navigate the microcantilever in x-, y-, and z-direction and place it into the droplet.
A 0.1 M of aminoethanethiol solution was prepared by dissolving 2-aminoethanethanethiol powder into deionized water. MC was dipped into a droplet of the prepared solution for self-assembled monolayer of aminoethanethiol to form on the gold surface by attachment of thiol groups to gold.
An enzyme solution was then prepared by dissolving a definite amount of GoX into DI water which was 5 mg/ml. 0.2% glutaraldehyde was used as a cross linking reagent being capable of binding to both the enzyme and amino groups of aminoethanethiol monolayer already formed on the gold surface. Dipping MC in enzyme solution, the aldehyde groups of glutaraldehyde react with the amino groups at one end and with GoX at other ends letting layer of enzyme grow over the surface.
Binding detection: Veeco Active Probe V R is used as the self-sensing MC with the capability of self-excitation through the ZnO stack mounted on the base of each probe (Figure 1) .
Detection in air: Fundamental resonance frequency of the MC is measured employing two different measurement systems which are (i) laser vibrometer (Polytec CLV-2534, Figure 2 (b)) and (ii) self-sensing circuit (Figure 2(a) ). A harmonic voltage of amplitude of 5 V was generated through oscilloscope (Agilent Infinii Vision 2000 X-Series-sw Oscilloscopes). The shift in the resonance frequency as a result of molecular binding is then measured with both measurement systems and compared.
This process of detection serves two purposes which are: (i) prove the capability of the self-sensing circuit to detect the change of frequency as a result of adsorbed mass and (ii) calibrate the mass detection in liquid by correlating the amount of adsorbed mass calculated from mechanical resonance frequency shift to the circuit's frequency shift as a result of variation of capacitance of the molecular interface.
Detection in liquid: Even though the ultrasmall masses functionalized over MC surface could be detected through self-sensing circuit with ultrahigh sensitivity, measuring the shift in mechanical resonance frequency of MC does not provide an effective tool for detection of marker proteins in liquid environment due to high dampening effect. Instead, another sensitive method using the capacitance of the gold electrodes was used. The circuit consisting of capacitor and inductor with the MC element modeled as a capacitor and a voltage source resonates at a certain frequency. The theoretical modeling for finding the resonance frequency of such a system can be developed by calculating the equivalent impedance of the system.
In order to find the equivalent impedance of the circuit from the output port, the circuit shown in Figure 2(a) is turned into the circuit illustrated in Figure 3 with V x being an imaginary source of voltage, Z c the impedance as a result of induced stray capacitance (C c ) and resistance (R c ) from the connecting cable, Z p and Z r , the impedance resulting from other elements of the circuit including capacitors (C 1 , and C r ) and inductor (L). Each of these impedances can be calculated as follows:
z r ¼ 1
with w being the frequency of the circuit. Based on the above equations, Z eq can be calculated which is a complex function. Setting the imaginary part of Z eq to zero, the following equation is obtained: where A-H is given in the Appendix. Solving Eq. (5) for w, the resonance frequency can be obtained which is a function of the varying capacitance C p . Molecular affinity that occurs over the surface of MC resulting in the binding between receptor and target biomolecule changes the capacitance of the MC element thus affects the value of C p in the circuit. The model presenting the effect of binding on the change in the total capacitance of this element was shown by Tsouti et al. (2011) . The total capacitance of the MC element shown in the circuit can be modeled as three main capacitors in series including the capacitance of the insulating layer, C ins , functionalization layer, C bind , and diffuse layer, C dif , as shown in Figure 4 Therefore, total capacitance, C p can be written as
When binding occurs, the capacitance of the functionalization layer (C bind ) varies thus the total capacitance C p changes. The change in the capacitance of MC produces a detectable shift in the resonance frequency of the circuit which can be calculated adopting the circuit modeling presented in this study therefore providing qualitative and quantitative insight into the amount of binding and consequently the concentration of target biomolecule in the solution.
The effect of different values of circuit's elements which are capacitors and inductor (C 1 , C r , and L) on the sensitivity of the circuit to measure the change in resonance frequency was also investigated. It was observed that decreasing the values of C 1 , C r and L obviously increases circuit's sensitivity. Figures 5(a) and 5(b) illustrates the effect of C 1 , C r , and L on circuit's sensitivity to measure shift in resonance frequency, respectively. In order to optimize circuit's response, the values of circuit's elements were chosen such that they fall in the sensitive region based on the results illustrated in Figure 5 .
RESULTS AND DISCUSSION
One sensor and one reference MC were used in this study. The sensor MC was functionalized with receptor biomolecule which was GoX, while the reference MC was left unfunctionalized in order to compensate for all non-specific binding, background noises and unwanted interferences.
Immobilized mass detection in air (i-laser vibrometer, ii-self-sensing circuit)
The capability of the self-sensing circuit was first verified with the laser vibrometer measuring the shift in the fundamental resonance frequency of MC as a result of GoXfunctionalization. The first resonance frequency of MC was measured with both self-sensing circuit and laser vibrometer by applying a sinusoidal voltage with a sweeping frequency of 0-100 kHz. It was measured to be 44.50 and 44.30 kHz by laser vibrometer and self-sensing circuit, respectively. The shift of 12.5 kHz was measured with both laser vibrometer and self-sensing circuit as a result of GoX-functionalization. Figure 6 shows the Fast Fourier Transform (FFT) of the response of MC at its fundamental resonance. Utilizing a comprehensive distributed-parameter mathematical modeling framework that was presented in earlier works of the authors (Faegh et al., to be published; , the amount of mass immobilization can be quantified having the shift in the resonance frequency. Adopting the mathematical modeling and simulation illustrated in Figure 7 the frequency shift of 12.5 kHz correlates to the mass immobilized over the surface of the amount of 1531 ng. This amount of mass detection was further correlated to the shift of circuit's resonance frequency which was measured in liquid media. Implementing such a comprehensive modeling framework was advantageous in calibrating the mass detection in liquid when electrical response of the system is utilized. 
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Immobilized mass detection in liquid (self-sensing circuit's resonance)
Even though the reported self-sensing method is capable of measuring small adsorbed masses with ultrahigh sensitivity, it does not produce an effective method to detect target proteins in liquid media due to high viscoelastic damping and losses in the surrounding liquid. As a result, the resonance frequency of the circuit consisting of MC was monitored instead of the mechanical resonance of MC. The reported circuit consisting of capacitors and inductor resonates at a certain frequency which was modeled calculating the equivalent impedance of the whole system. This resonance frequency was measured and recorded while putting both sensor and reference MCs in DI water. The shift in the resonance frequency as a result of GoX functionalization over the sensor MC was measured to be 2.612 MHz using the resonance frequency of the circuit as shown in Figure 8 .
Detection of marker protein in liquid (self-sensing circuit's resonance) Different concentrations of glucose ranging from 500 nM to 200 lM was injected in DI water and the resonance frequency of the circuit with both sensor and reference MCs was measured after each injection while exciting MCs inside the sample solution. It was shown that increasing the amount of glucose concentration in the liquid results in higher amount of shift in the resonance frequency of the circuit with sensor MC. On the other hand, the resonance frequency of the circuit with reference MC does not change significantly. Figures 9(a)-9(e) show the resonance frequency of the circuit for both sensor and reference MC as a result of glucose injection. It is shown that the resonance frequency of the circuit with reference MC stays within 9.102-9.106 MHz when implementing the system in solutions with different concentrations of glucose. On the other hand, detectable changes were observed in the circuit with GoXfunctionalized MC. Figure 10 shows the differential shift of circuit's resonance frequency between sensor and reference MC with respect to glucose concentration. No significant change of resonance frequency was observed injecting concentration of glucose higher than 200 lM indicating the saturation of functionalized surface of sensor MC. The main and most dominant nature of the nonlinearity between glucose concentration and frequency shift arises from the saturation of the sensing element. The response is the highest for the first and second injection and then it saturates as more injections take place. Adopting the theoretical circuit model presented in the previous section, the corresponding change of capacitance as a result of molecular binding over the surface was calculated having the amount of shift in circuit's resonance frequency as is depicted in Figure 10 .
Calibrating the system with the mechanical response obtained in the above section the amount of mass adsorption was quantified and presented in Table I . Considering the fact that physiological level of glucose in blood is about 4-20 mM, the present platform is capable of detecting even lower amount of glucose with very high sensitivity.
Comparing to glucose studies where the amount of glucose concentration was measured mechanically using MC in static mode (Pei et al., 2003 (Pei et al., , 2004 and electrically using modified gold electrodes (Labib et al., 2010) , utilizing the self-sensing circuit provides a very simple, laser-free, and cost effective MC-based platform with the capability of detection of glucose level lower than its physiological limit with high sensitivity. Table II shows a comparison of the amount of sensitivity utilizing the reported self-sensing technique to the other studies detecting glucose. There are certain limitations with the reported detection platform including the low dynamic range which results from saturation of receptor biomolecules over the surface of MC. To address this limitation two approaches are considered for the future work which are (i) increasing the surface area of the molecular interface resulting in higher number of immobilized receptor which can be accomplished by utilizing a different molecular probe such as interdigitated electrodes or depositing nanoparticles over MC surface, and ii) using a chemical solvent which only rebounds GoX-glucose, and not the functionalized receptor molecules over the surface, therefore, making MC reusable for higher number of steps.
CONCLUSIONS
A unique piezoelectric MC-based biological sensor for detection of molecular binding was reported in this study. Implementing a self-sensing circuit, the system was performed in dynamic, self-sensing mode by exciting the piezoelectric MC and sensing its response simultaneously. Utilizing the reported circuit, the need for bulky and expensive optical based system was eliminated. Two MCs, one sensor and one reference MCs were implemented. The sensor MC was functionalized by receptor enzyme, GoX, while the reference MC was left unfunctionalized to compensate for all undesired interactions. In the first step of this study the capability of self-sensing circuit to detect the functionalized mass (amino groups and GoX) was verified by comparing it to optical based measurement (Laser vibrometer).
A high level of accuracy and sensitivity was observed monitoring the shift in the fundamental mechanical resonance frequency of sensor MC. In order to detect the target molecules (glucose) the system had to be operated in aqueous media. Therefore, the resonance frequency of the circuit consisting sensor and reference MC was measured and monitored separately. Dipping both MCs in solutions containing a certain level of glucose, binding occurs over the surface of functionalized MC changing its capacitance thus shifts the measured resonance frequency obtained from the circuit. On the other hand, the resonance frequency of the circuit consisting of unfunctionalized reference MC does not change significantly.
A detectable shift in the resonance frequency of the circuit with sensor MC was measured and reported when injecting different amount of glucose (500 nM-200 lM) in DI water. At the same time, negligible changes in resonance frequency of the circuit with reference MC was reported indicating the capability of the sensor to detect the molecular binding.
As a result, the reported biological sensor provides a very simple, cost-effective, and highly sensitive platform aiming at being implemented as a diagnostic tool. Increasing the level of sensitivity, testing selectivity, and operating the sensor in greater dynamic range with the reported platform are under study. 
